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Toxicity of Cr(III)To understand molecular cytotoxicity of chromium(III) and how it affects the stability of biological
membranes, studies on the interaction of chromium(III) complexes aquapentaminechromium complex
(complex I) and trans- [Cr(5-methoxysalcyclohex) (H2O) 2] ClO4 (complex II) with model biomembranes
have been carried out. Langmuir ﬁlms of dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidic
acid (DPPA), dioctadecyldimethylammoniumbromide (DOMA) at air/water interface interacting with the
chromium(III) complexes have been characterized using the surface pressure-molecular area (π-A)
isotherms. Initial surface pressures changes for the two complexes show that the chromium(III) complexes
inserted in the Langmuir ﬁlms and complex I interacted strongly compared to complex II. Supported bilayers
(SB) of the lipids on solid substrates formed by hydrating their Langmuir-Blodgett ﬁlms (LB ﬁlms) have been
characterized using linear dichroic spectra, low angle X-ray diffraction and steady state ﬂuorescence
anisotropy. Depending on the geometry of the ligands and concentration, the complexes either insert in the
alkyl or in the head group region of the SB and sometimes in both regions. The Supported lipid bilayers are
well-layered and at low concentration, the metal complexes are incorporated near the head group region.
Order and increase in lamellar spacing show stronger interaction of complex I with the lipids compared with
complex II. This study provides some insights into the mechanism of chromium(III) toxicity and uptake of
chromium(III) by the cells..
n), bunair@clri.res.in
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
In all living organisms, most of the biological processes take place
in salt solutions. To maintain the ﬁne balance between the different
ions and the environment, biomembranes tune their interaction with
different ionic species [1]. Speciﬁc ionic effects have been shown to
inﬂuence growth rates of bacteria [2], fungi [3,4] and to affect the
function of antibiotic channels [5]. This investigation reports on the
chromiumcomplexes aquapentaminechromium [Cr(NH3)5(H2O)](NO3)
(complex I) and trans- [Cr(5-methoxysalcyclohex) (H2O)2] ClO4 (com-
plex II) where 5-methoxysalcyclohex is N, N’ – cyclohexanebis-(5-
methoxysalicylideneimine) (Fig. 1a, b) and their interactionswithmodel
lipids as Langmuir ﬁlms at air/water interface and as supported
multibilayer ﬁlms.
Chromium has been known to induce toxicity with the two
commonly occurring, environmentally available oxidation states of
themetal – chromium(III) and chromium(VI). Of the two, a number of
work on chromium(VI) toxicity and carcinogenicity have been
reported. Chromium(VI) enters into the cell by the phosphate and
sulfate anion exchange pathway and is immediately reduced intostable, kinetically inert chromium(III) by the reducing agents such as
glutathione, ascorbic acid and citric acid freely available inside the
cell. Chromium(III) interacts with the biological macro molecules
likes DNA, protein and lipids. Toxicity of the chromium(III) is
debatable and evidences for both beneﬁcial as well as the harmful
nature of chromium(III) have been reported in the past few years.
Chromium(III) has been classiﬁed under essential nutrient and
marketed as nutritional supplement. Trivalent chromium is an
essential element required for normal carbohydrate, lipid, and protein
metabolism in humans and animals [6–8]. Chromium(III) is essential
for the lipid and carbohydrate metabolism [9,10]. Other positive
inﬂuences of chromium include induction of increased glucose
tolerance and elimination of fat. Trivalent chromium deﬁciency has
been associated with diseases such as type 2 diabetes [11],
cardiovascular disease, and nervous system disorders [12]. Toxic
effects of chromium(III) include induction of apoptosis through
caspase activation [13], nephrotoxicity [14], reproductive and devel-
opmental toxicity in male rats [15]. Chromium(III) also has been
known to interact with several components of biological media used
in animal cell and tissue culture and modify their chemical properties
[16]. Membrane perturbations induced by the metal complexes are
important because several metal induced toxicity abnormalities such
as membrane blubbing and mitochondrial damage involve plasma
membranes. Further, the ability of metal complexes to diffuse into the
Fig. 1. (a)Structure of Complex I; (b) Structure of complex II.
Fig. 2. (a) Solution spectra of complex I ; (b) Solution spectra of complex II.
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number of different studies on model membranes have been carried
out. Metal complexation with Langmuir monolayers of histidyl
peptide lipids has been reported by Leblanc et.al [17]. SFG studies
on interaction of antimicrobial peptides in the presence of metal ions
with supported lipid bilayers have been carried out by Chen and Chen
[18]. Separovic et.al have analyzed the effect of metal ions on the
interaction of cholesterol and clioquinol with lipid bilayers and their
effect on the disruption of the bilayer structure [19]. Molecular
dynamics simulation of metal ions interacting with phospholipid
bilayers have shown that speciﬁc ions have profound effect on the
bilayer structure and in special cases even increase the order [20].
To gain further insights about the interaction of chromium(III) and
inﬂuence of the ligand environment with the cell membranes, in the
present study, three model lipid systems with different charges have
been chosen. Anionic DPPA (dipalmitoylphosphatidic acid), neutral
DMPC (dimyristoylphosphatidylcholine) and cationic DOMA (diocta-
decyldimethylammoniumbromide) have been used as Langmuir ﬁlms
and also to prepare unilamellar vesicles. In this work, we have studied
as a ﬁrst step, Langmuir ﬁlms of neutral lipid DMPC, anionic lipid
DPPA and cationic lipid DOMA in the presence of complexes I and II.
Langmuir-Blodgett ﬁlms (LB ﬁlms) of DMPC, DPPA and DOMA with
the complexes have been hydrated with buffer and supported
multibilayers (SMB) have been formed. These multibilayers have
been studied using low angle XRD. Possible modes of interactions
have been suggested from the changes in lamellar spacing. Tradition-
ally, organized assemblies of functionalized molecules have been
prepared using the method for Langmuir-Blodgett ﬁlms which have
found extensive applications such as energy transfer in controlled
geometries, molecular electronics, nonlinear optics, coatings, sensing,
to form sequential layers of thin ﬁlms and as model for membranes,
for template particle growth. However, for a number of characteriza-
tion techniques, one or two bilayers may not provide enough material
to obtain adequate signals, thus making multiple-bilayer samples a
necessity. In general, the deposition of phospholipid bilayers by LB
techniques is a difﬁcult task. Some success has been achieved
transferring dipalmitoylphosphatidic acid (DPPA) or mixed phospho-
lipids ﬁlms that include DPPA with calcium or uranyl ions present in
the subphase [21]. Linear Dichroic measurements of the SMB used in
this work gains insight into the order parameter of the SMB after
incorporation of metal complexes. The order parameter ‘O’ of complexwith reference to lipid bilayer is measured and using this information
mode of interaction of the metal complexes with different lipid
bilayers has been predicted and models have been represented
schematically. From these models of the lipid – metal complexes
estimates of lamellar spacing have been evaluated and agree with the
experimental data.2. Experimental methods
2.1. Materials
Highly puriﬁed (N99%) synthetic DMPC (1, 2-dimyristoyl-sn-
glycerophosphatidylcholine), DPPA (1, 2-dipalmitoyltoyl-sn-glycero-
phosphatidicacid, sodium salt), and DOMA (Dioctadecyldimethylam-
moniumbromide) have been purchased from Avanti Polar Lipids
(Alabaster, AL) and used without further puriﬁcation. Organic
solvents are high-performance liquid chromatography grade from
Aldrich (Milwaukee, WI). The twometal complexes I and II have been
synthesized according to the reported procedure [22,23]. These
complexes have been characterized using mass and UV-Vis spectra.
The solution spectra of the two complexes are presented in Fig. 2. The
lyophilized lipids have been hydrated with puriﬁed water or salt
334 N.S. Raja et al. / Biochimica et Biophysica Acta 1808 (2011) 332–340solutions. Samples have been cycled below and above the chain
melting transition temperatures, occasionally vortexed, and then
typically stored for more than 48 hours at 4 °C.
2.2. Preparation of model membrane vesicles
Deﬁnedamounts of phospholipid (4 to 10 mg)havebeendissolved in
100-200 μl chloroform:methanol (1:1) solution anddriedunder vacuum
at 25 °C. Formixtures of lipids with ﬂuorescent lipid Diphenylhexatriene
(DPH) the probe to lipid ratio has been maintained at 1:200 molar ratio
and a similar procedure as that of pure lipid vesicles have been followed.
The residual thin ﬁlm has been re-suspended in phosphate buffer (pH
7.4) and sonicated at highest power for 30 min. This solution has been
subjected to 10 freeze/thawcycles using liquidnitrogen and temperature
regulated water bath to get uniform sized vesicles.
2.3. Preparation of supported multibilayers
The supported lipid bilayer (SMB) has been prepared as follows.
The ﬁrst leaﬂet of the bilayer has been transferred as a compact
monolayer using the LB ﬁlm technique with the polar head groups in
contact with the solid substrate. In the second step a vesicle solution is
contacted slowly in a controlled manner using a dip coater (NIMA) at
a uniform coating speed of 5 mm2/min with the substrate. As a result
of the not so favorable thermodynamic state of the hydrophobic
surface of the immobilized leaﬂet, lipid molecules in the vesicle would
adsorb spontaneously and thus building the complete bilayer. The
pure lipid bilayers DMPC, DPPA and DOMA and those containing the
metal complexes have been prepared in a similar fashion.
2.4. Anisotropy measurements
Anisotropy measurements have been performed in a Cary eclipse
spectroﬂuorometer. The instrumental parameters have been set as
follows: Polarizer - on, excitation ﬁlter - auto, emission ﬁlter - open
and photo multiplier tube - medium. The instrument is set in
ﬂuorescence mode and manual polarizer is attached. The excitation
and emission wavelengths have been set as 358 and 425 nm,
respectively. The instrument with an L shaped measuring geometry
is corrected for G factor. Here G is an instrumental correction related
to the ratio of intensity of perpendicular polarized light (IHV) to the
intensity of parallel polarized light (IHH). All the experiments have
been done in triplicate and average values have been taken for the
analysis. The DPH incorporated vesicles solution has been used as
control and chromium(III) complexes have been added at 5, 10, 20,
30, 40 and 50 micro molar concentration and average r (anisotropy)
values obtained have been used to calculate the order parameter.
Generally, heterogeneities seen by DPH are known to reﬂect the
variations of the packing density of the lipids in a direction
perpendicular to the bilayer surface and thus DPH has been used by
a number of research groups to analyze order in vesicles [24].
2.5. LB ﬁlms of the lipids and XRD
The Langmuir ﬁlms of the lipids have been spread from chloroform
solutions (mill molar) on the buffer subphase and on the subphase
containing complexes I and II using a single barrier trough (Model
601 S) from Nima technology, UK connected to a thermostat. The
Langmuir-Blodgett ﬁlms have been then transferred to glass or quartz
coverslips at a surface pressure π =20 mN/m. The transfer ratio is
around 0.85 and the transfer is usually Y-type. 2.2×2.2 cm2 thin glass
cover slips (ERMA, FRG) used for XRD have been cleaned with
isopropyl alcohol and chloroform. The thin glass cover slip is ideal for
X-raying lipid samples through the back of the glass at a 45° angle of
incidence; the scattering from the sample is then totally unobstructed
by the substrate. These substrates attached to the cap of a 20-mLdisposable glass scintillation vial using either sticky tack or clay. This
method of attachment leaves the sides of the substrate completely
free, which is essential to allow surface tension and hold the solvent
solution on the top of the substrate.
X-ray data have been recorded for the samples using Seifert JS0
Debyeﬂlex 2002 X-ray diffractometer. The lamellar repeat distance of
these phospholipid systems is measured at room temperature (21-
25 °C) using Cu Kα1 radiation of λ=1.540 Å generated at 30 kV-
30 mA. All lipids except DPPA have been used above their hydrocar-
bon chain phase transition temperatures. Each scan covered θ from
0.5° to 5° with step size 0.005°, one second per step. The humidity/
temperature chamber enclosed the goniometer head and is insulated
from room temperature. The temperature of the sample has been
monitored by a Pt-100 thermo resistor and controlled to ±0:025 °C
via a computer based feedback system. The chamber is connected to a
water source whose temperature is adjusted to vary the relative
humidity in the immediate vicinity of the lipid sample. A combined
thermometer and hygrometer (accuracy 0.1±C and 0.1% RH for RHb»
98%, respectively) is positioned next to the sample.
2.6. Absorption and LD measurements
Absorption and LD measurements have been recorded using Cary
Bio 050 UV-Vis spectrophotometer on SMB of the lipids with metal
complexes I and II at room temperature. A prism polarizer placed in
the path of the incident light is mounted on a graduated rotating base
that could be dialed to generate plane-polarized light at various angles
relative to the substrate of the sample. Polarized absorption spectra
have been taken at angles of 0° and 90°. An order parameter from
Linear Dichroic (LD)measurement of the lipid bilayers have been used
to analyze the orientation of the incorporated metal complexes. Here
R the ratio between absorbance for p and s-polarized light LD is used
to calculate the order parameter which is deﬁned as
Order parameter = R−1ð Þ= R+2ð Þ
The polarized absorption spectra have been corrected for scatter-
ing by using a simple algorithm that removed scattering so that the
correction satisﬁed two criteria. First, the scattering correction had to
satisfy the simple formula a+bλ4, where a and b are independent
variables. We made the further assumption that the scattering
correction is identical (isotropic) for both polarization angles. This
prevents the scattering correction from having an inﬂuence on the
calculation of the transition dipole.
3. Results
3.1. Surface pressure – area isotherms
Fig. 3(a), (b) and (c) show the surface pressure – area isotherms of
the lipid monolayers spread over phosphate buffer (10 mM, pH=6.5)
and on subphase containing the two complexes. The pure lipid
monolayers spread on buffer without complexes at pH 6.5 did not
show any deviation in surface area from the surface area of the lipid
monolayers spread on water. The change in the surface area ΔA at
any constant pressure for pure monolayers was around 2 to 3% duration
of the experiment. Compressibility values were used to identify the
various states of the monolayer phases of the different monolayers.
Table 1 shows the average area/molecule and the maximum collapse
pressure for the three lipids and lipids+complexes spread on buffer
obtained from the isotherms. From the changes in area it is seen that
interaction of complex I is stronger with anionic lipid DPPA and to some
extent with the neutral DMPC. The strength of the interaction is
manifested by the maximum change in area for DPPA+complex I
ﬁlms. In a 2-dimensional Langmuir ﬁlm where πA=kT, increase in area
should be accompanied by a decrease in pressure. The larger the
Fig. 3. Plot of Average molecular area vs. surface pressure of (a) DMPC in 1-Buffer, 2-
Complex I+Buffer, 3-Complex II+Buffer ; (b) DOMA in 1-Buffer, 2-Complex I+Buffer, 3-
Complex II+Buffer and (c) DPPA in 1-Buffer, 2-Complex I+Buffer, 3-Complex II+Buffer
( pH6.5, T=22 °C).
Table 1
Average area/molecule at 20mN/m and the maximum collapse pressure for the DPPA,















335N.S. Raja et al. / Biochimica et Biophysica Acta 1808 (2011) 332–340interaction followed by insertion into the headgroup plane, lower is the
collapse pressure. The increase in area upon addition of the complexes
may correspond to head group orientations extending more upright
from the plane of the lipid bilayer. Such changes have been previously
reported for heterocyclic compounds interacting with the lipid mole-
cules [25-27].
Fig. 4(a) and (b) show the interaction of themetal complexes I and
II for different surface densities obtained by compressing the ﬁlms to
different initial surface pressures. After spreading and compression of
the monolayer to different surface pressures (5, 10, 15 mN/m…), the
surface area has been kept constant. Changes of the surface pressure
have been followed over time after injection of the metal complexes
into the subphase. It is seen that as the initial surface pressure is
increased the interaction of the complexes with the lipid monolayer
decreases showing that insertion followed by interaction is lowered
for both the complexes. Thus in the liquid expanded phase of all the
lipids the interaction of the complexes are strong. However for
complex I the maximum change in initial pressures has been
observed, especially with DPPA followed by DOMA and DMPC. In
the absence of a lipid monolayer no pressure change has been
detected after complex injection, demonstrating that the metal
complexes are by themselves not surface active.
From thermodynamics, in a monolayer at air/water interface, an
enrichment induced by physisorption or chemisorption is usually
coupled with an increase in lateral pressure that can be described by
the Gibbs adsorption equation. A molecular interpretation suggests
that normally the binding of the metal complex enlarges the area
occupied by the head group of the lipid and induces an increase in
pressure. From Fig. 4(a, b) it has been observed that complex 1 shows
larger Δπ than complex II and it clearly indicates that complex I
interacts more favorably with the three lipid monolayers compared
with the complex II. Also depending on the overall charge on the
metal complex (+3 for complex I and +1 for complex II) the
interaction with the cationic lipid DOMA is least. In case of neutral
lipid DMPC, the interaction lies between that of DPPA and DOMA
suggesting that possibly the interaction of the metal ions with the
phosphate moieties of the head group could also compete with the
charge-charge interactions.3.2. Anisotropy measurements
Fig. 5 shows the variation of ﬂuorescence anisotropy of DPH with
DMPC, DPPA and DOMA vesicles with increasing concentrations of
complex I and II respectively. The concentration of complexes has
been varied between 0 to 50 μM, keeping the lipid concentration
constant at 0.5 μM. Fluorescence spectroscopy is the technique, which
has the highest sensitivity for the study of lipid vesicles, biomem-
branes, and lipid/surfactant interactions. Since lipids are not
Fig. 4. Interaction of the metal complexes I and II for different surface densities of lipid
ﬁlms- (a) Initial surface pressure versus change in the surface pressure for complex I,
(b)Initial pressure versus change in the surface pressure for complex II. These plots
have been obtained by injecting complexes of different concentration under the lipid
ﬁlms.
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introducing a ﬂuorescence probe into the lipid environment.
The dye DPH exhibits a hydrophobic nature, with low solubility
and ﬂuorescence in water. In this work, DPH ﬂuorescence anisotropy
has been studied in mixed lipid/metal complex systems with several
concentration ratios of the lipids DMPC, DPPA and DOMA and the
complexes I and II. DPH is a rod like molecule, whose absorption and
emission dipoles are collinear and lie along the principal molecular
axis, which is perpendicular to the membrane plane. The probe is
located deep within the hydrophobic core region of the phospholipid
bilayer. Thus any modiﬁcation in the movement of the chains or
packing is sensitively reﬂected in the ﬂuorescence anisotropy of DPH.
DMPC vesicle shows the highest anisotropy (on an average 0.7) with
complex I and the lowest (average value 0.1) with complex II
suggesting that the local ordering of the lipid with complex I is better
compared with complex II. Fig. 5 reveals that initial addition of
Complex I to the DMPC vesicles gives rise to an abrupt increase in the
ﬂuorescence anisotropy from approximately 0.1 to 0.85, indicating
higher lipidmicroviscosity. The increasedmicroviscosity is most likelyascribed to the incorporation of the metal complex molecules, in a
relatively large quantity, within the phospholipid domains, thereby
reducing the rotational reorientation of the DPH probes. Reduced
ﬂuidity of biological membranes has been previously observed upon
similar association with membrane proteins [26]. However for both
complexes I and II there is no appreciable change in the anisotropy in
the lipid vesicles for increasing concentrations. Fluorescence anisot-
ropy measurements show that distinct changes occur in the
“microviscosity” [or order-parameter] of the lipid domains after
addition of the complexes I and II respectively. With both DOMA and
DPPA there is no appreciable change in anisotropy with increasing
concentration of the complexes. DOMA being a cationic lipid is not
expected to interact very strongly with the complexes. Thus no
appreciable change in anisotropy is to be expected. In case of DPPA,
the strong interaction with complex I may result in compact structure
and thus reducing the anisotropy.
3.3. Linear Dichroic (LD) measurements
Table 2 presents the order parameter obtained for complexes 1
and 2 in the different SMBs. The order parameter is highest for
complex I with DPPA conﬁrming the strong interaction of the complex
and overall homogeneity or lack of aggregated structures of DPPA in
the presence of the complex I. In case of complex II the order
parameter with DPPA is very low. For the neutral SMBwith DMPC, the
order parameter is higher for complex II compared with complex I.
This is possibly due to the metal-phosphate interaction competing
with the charge-charge interaction and this is in agreement with the
anisotropy studies. For DOMA for both complexes I and II the order
parameter is low indicating the poor interaction.
3.4. XRD studies of supported bilayers
In order to understand the effect of incorporation or localization of
the complexes in the vesicles, low angles XRD of supported multi-
bilayers (SMB) of these systems have been studied. A number of
papers have appeared in the literature reporting on the changes in
interbilayer forces due to the presence of monovalent ions. The Ion-
lipid interactions have been analyzed by solid-state NMR spectrosco-
py [28], electrophoretic mobility [29–31], and monolayer surface
pressure [32].The interlamellar (‘d’-spacing) spacing in these systems
is plotted as function of concentration of the metal complexes at a
constant osmotic pressure. X-ray diffraction of the different multi-
bilayer ﬁlms of lipids and lipids with complexes I and II give several
sharp reﬂections, suggesting that the structures of these lipid-water
systems could have single lamellar phases. Fig. 6 presents the lamellar
spacing for complex I and II with the different lipid multibilayers. The
interlamellar spacing for the DMPC bilayers shows marginal change
from 55 Å (pure hydrated lipid bilayer) to about 58 Å for the highest
concentration of complex I. With complex II the lamellar spacing does
not show any dramatic changes indicating that even at high
concentration of the complex, it is possibly incorporated only in the
non-polar region and this may not necessarily alter the lamellar
packing. In case of DPPA bilayers a sharp increase in the lamellar
spacing is observed for both complex I and II with increasing
concentration. The lamellar spacing shifts from about 61 to 70 Å for
complex I and 61 to 68 Å for complex II. This increase could be
attributed to a charge – charge interaction where, the two complexes
can enter into the interlamellar space of the anionic DPPA bilayers and
reorient themselves. Ligand structure around the metal complex is
bulkier than the simple metal ions and they push the two layers to get
accommodated in the interlamellar space and this is evidenced by the
increase of the lamellar spacing of bilayers with the increase in the
concentration of the complexes.
For cationic DOMA multibilayers there is a contraction in ‘d’
spacing from about 64 Å for the pure hydrated layer to about 54 Å for
Fig. 5. Fluorescence anisotropy changes in the DPH incorporated vesicles in the presence of increasing concentrations of complex I and complex II.
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charge. Non polar alkyl groups of these bilayers already repel each
other but are held together by the hydrophobic forces. Presence of
complex I destabilize the ﬁne balance and possibly cause a collapse in
the structure with subsequent decrease in the lamellar spacing. In the
case of complex II there is a slight increase in the lamellar spacing to
about 68 Å before leveling to 64 Å. The complex II is comparativelyTable 2
The order parameter obtained for complexes 1 and 2 in the different SMBs using linear
dichroism measurements. The complex showing high order parameter has stronger
interaction with the SMB.
Complex I DPPA DMPC DOMA
Low Concentration 0.79 0.17 -0.38
High Concentration 0.50 0.18 0.02
Complex II
Low concentration 0.05 0.32 0.23
High Concentration 0.03 0.5 0.21
Chromium(III) complexes interact with supported lipid bilayers leading to changes in
their structural organization . These changes are determined by both ligand structure
and the charge of the chromium(III) complex.less polar than the complex I. At lower concentrations therefore it
orients itself towards tail portion of the lipids and increases lamellar
spacing. At higher concentration probably the threshold limit tomaintain
the bilayer architecture is lost and contraction in lamellar spacing
observed. This kind of concentration depended changes in the ordering
and changes in the thickness is observed lipid vesicles incorporated with
curcumin [33]. Since there exists a dielectric gradient at the membrane
solvent interface, there can arise an attractive force due to an induced
electromagnetic ﬁeld in a neighbouring membranous region and vice
versa. ThisVanderWaals’ force leads to formationofmyelin sheets in vivo
and multilamellar vesicles in vitro. A scheme for possible modes of
interactions has beenmade using ACDChemsketch and the structures are
shown in Fig. 7 (a1, a2, a3), (b1, b2, b3) and (c1, c2, c3). The calculated
lamellar spacing (‘d’ – values) agree to a high degree with the
experimental values. Using small angle X-ray scattering it has been
established that the interlamellar spacing of neutral membranes in water
is of the same order as that of the membrane thickness itself. [34–36].
These spacings change as the surrounding solvent environment changes
[37–39]. Thus any alteration of the repeat spacing with different ions or
ionic species in the solvent is an indicator of a shift in the balance of
repulsive and attractive forces in membranes. The results obtained for Cr
(III) interaction with model lipid membranes reported here for the ﬁrst
time, should contribute signiﬁcantly to the literature on interaction of
differentmetalswith the lipid bilayers reported earlier [40–45]. Inmost of
Fig. 6. Changes in the ‘d’ spacing of the bilayers in the presence of increasing concentrations of complex I and complex II.
338 N.S. Raja et al. / Biochimica et Biophysica Acta 1808 (2011) 332–340these studies perturbation of the membrane structure and changes in
ﬂuidity and order have been reported.4. Discussion
Chromium(III) has to cross the plasma membrane to gain entry into
the cell [46]. Therefore, studies on interactions between the membrane
lipids and chromium(III) is essential to understand the mechanism of
chromium toxicity. In contrast with the commonly held notion that
chromium(VI) is more reactive than chromium(III) a study has shown
that chromium(III) imparts greater structural changes than chromium
(VI) [47]. Unlike regular chromium(III) complexes, the complexes of salen
type ligands are known to undergo facile aqua ligand substitution [48,49].
Chromium(III) can form complexes with inter and intra cellular
molecules. Reactivity and interactions of chromium(III) complexes are
largely determined by the ligand environment. The results of this study
show the clear role of ligand environment of chromium complexes and
their inﬂuenceon the lamellar spaceofmodelmembranes. Langmuirﬁlms
of the lipids spread on subphase containing complexes I and II show that
they adsorb at the interfacial region of monolayers and push the head
groups laterally to create space. Both complexes seem to form orderedstructure with lipid bilayers arranged in stacks. At low concentrations
complex II stacks in between the polar head groups and at higher
concentrations is sandwiched between the long alkyl regions. These
concentrationdependent changes arenot observed in the case of complex
I. Our results indicate that in SMBs, both complexes strongly get bound in
the interfacial region of anionic DPPA thereby inducing a condensing
‘effect’ on the bilayer that is strongly reﬂected in the increase in the
lamellar spacing. The presence of complexes in SMBs and their inﬂuence
on the geometry of the SMB have been demonstrated by the ﬂuorescence
anisotropy and Linear Dichroism measurements. Increase in the order of
the SMB is followed by an increase in lamellar spacing by complex I
compared to complex II suggest stronger interaction by complex I. These
experiments clearly demonstrate ability of chromium(III) to interact and
modify the structure of lipid bilayers. This study also shows that uptake of
chromium(III) can be regulated by the ligand structures. This study is
helpful in understanding of chromium(III) toxicity and development of
chromium(III) supplements.Acknowledgement
Author NSR thanks CSIR, Govt. of India for a research fellowship.
Fig. 7. Figures show the ‘d – space’ calculated from the end-to-end distance of the lipid
bilayer. The calculated values have been compared with the experimental values of
lamellar spacing from XRD. Primary energy minimized structures of (a) DMPC
interacting with complex I and II. (i)54.841 Å DMPC pure, (ii)57.723 Å DMPC-complex
I, (III)52.328 Å DMPC-complex II; (b) DPPA interactingwith complex I and II (i)59.825 Å
DPPA pure, (ii)61.489 Å DPPA -complex I, (III)52.627 Å DPPA -complex II (c)DOMA
interactingwith complex I and II (i)62.125 ÅDOMApure,(ii)53.848 ÅDOMA -complex I,
(III)65.147 Å DOMA -complex II.
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